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In this issue of Chemistry & Biology, Srinivasan and colleagues describe their study of ligand-protein inter-
actions in visual pigments. Comparing the more stable isomeric ligand 9-cis retinal to the physiologically
occurring 11-cis retinal, they report differences in ligand specificity and opsin conformational stability not
previously described for bleached rhodopsin.The visual pigment rhodopsin is the most
thoroughly studied of the G protein-
coupled receptors (GPCR; for a recent
review, see Manglik and Kobilka, 2014)
and was the first to be crystallized (Palc-
zewski et al., 2000). This visual pigment
is the most abundant pigment in the eye
and is easily isolated for experimental
studies. Rhodopsin consists of the protein
opsin (with the classical seven transmem-
brane helical structure) and the small
ligand retinal (a form of vitamin A, see
Figure 1A), which is covalently linked to
the protein by a Schiff base linkage. In
humans and other vertebrates, the retinal
is in the 11-cis conformation. Because of
interaction between the 13 methyl and
the 10 hydrogen, this polyene side chain
is in a twisted conformation, making it
both hard to synthesize in vitro and very
unstable in solution. Absorption of a
photon by the pigment results in isomeri-
zation of the bound chromophore from
the 11-cis to the all-trans form; this leads
to protein conformational changes that
enable the bleached pigment to couple
to its G protein, transducin, and initiate
visual signaling. Subsequently, retinal
dissociates from the opsin to allow it to
regenerate pigment with a fresh supply
of 11-cis retinal.
Although rhodopsin is the most abun-
dant of the visual pigments, the cone
pigments (three in humans) are the
photosensitive pigments used in normal
daytime vision and are therefore the
most critical to functional vision in hu-
mans. However, these cone pigments
are much less studied because of the
difficulty in isolation. The approach
by Srinivasan et al. (2014; in this issue
of Chemistry & Biology) is to use ex-
pressed bovine rhodopsin (93% identitywith human rhodopsin) and the expressed
human red cone pigment (40% iden-
tity with bovine rhodopsin), the most
abundant of the human cone pigments
(Figure 1B).
Srinivasan et al. (2014) have compared
the action of the more stable isomeric
analog, 9-cis retinal (Figure 1A) to the
physiologically occurring 11-cis retinal.
Using this approach, they have found
differences in ligand specificity and opsin
conformational stability not previously
described for bleached rhodopsin. They
demonstrated that addition of 9-cis,
but not 11-cis, retinal to photobleached
rhodopsin after 90 min led to partial
pigment regeneration. This result sug-
gests that there is still a folded population
of the bleached pigment at this point.
These results are of particular interest,
because previous work by Sakamoto
and Khorana (1995) showed little rho-
dopsin regeneration when 11-cis retinal
was added hours after photobleaching
under conditions similar to those of
Srinivasan et al. (2014). The 9-cis retinal
was not tested in the earlier study. Saka-
moto and Khorana (1995) did observe
that, at lower pH, rhodopsin did regen-
erate with 11-cis retinal with multiphasic
kinetics, suggesting multiple folded
states of the bleached rhodopsin, but
the fraction that did not regenerate
pigment was considered denatured.
Thus, the current finding that 9-cis retinal
could further regenerate pigment re-
quires a rethinking of the criteria for opsin
thermal stability.
For the human red cone pigment Srini-
vasan et al. (2014) found that 90 min after
photobleaching, addition of either 11-cis
or 9-cis retinal regenerated a significant
fraction of pigment, indicating that theChemistry & Biology 21, March 20, 2014cone opsin was quite surprisingly ther-
mally stable and that its conformation
was available to bind both retinal isomers.
Similarly, we have previously reported
that the red cone opsin has a less selec-
tive structure to retinal analogs by assess-
ing their effects on opsin activity (Kono
and Crouch, 2011).
Through their molecular modeling,
Srinivasan et al. (2014) make testable
hypotheses about the roles of aromatic
groups in stabilizing protein structures.
First, it would be interesting to see how
their 9-cis retinal-bound rhodopsin model
compares with the crystal structure of
bovine rhodopsin containing 9-cis retinal
(2PED, Nakamichi et al., 2007). Second,
Trp 183 in the 4th transmembrane helix
of the red cone pigment (corresponding
to Cys 167 in rhodopsin, Figure 1B) is
postulated to help stablize the opsin
structure. In addition, Trp 165 and Tyr
268 (rhodopsin numbers) in helix 6 are
suggested to make more favorable con-
tacts with the 13-methyl group of 9-cis
retinal than 11-cis retinal. These models
can be tested by studies using site-
directed mutagenesis and/or retinal ana-
logs that lack the 13-methyl group and
will provide new insights into the ligand
protein interactions.
These data are particularly intriguing
given that a 9-cis retinal analog
(QLT091001, Maeda et al., 2013) is being
tested as a potential therapeutic agent for
type 2 Leber’s congenital amaurosis
(LCA2), a visual disease in which 11-cis
retinal synthesis is inhibited or abolished
as well as certain forms of retinitis pig-
mentosa. An international multicenter
clinical trial is in progress. QLT has re-
ported improved visual function in several
LCA2 patients given an initial oral dose ofª2014 Elsevier Ltd All rights reserved 309
Figure 1. Constituents of Visual Pigments
(A) The native chromophore is the 11-cis form of vitamin A aldehyde (11-cis retinal), which forms a Schiff
base linkage with the protein. The 9-cis retinal also forms pigments with visual pigment proteins.
(B) The secondary structure of the opsin is illustrated based from the original crystal structure of rhodopsin
(Palczewski et al., 2000). Sequence identity between bovine rhodopsin and the human red cone pigment
is denoted by the filled circles containing the one letter amino acid code. Blue circles denote residues
that Srinivasan et al. (2014) hypothesize lend stability to the red cone opsin in the 4th transmembrane helix
and interact favorably with the 13-methyl group of 9-cis retinal (W and Y in the 6th helix).
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310 Chemistry & Biology 21, March 20, 2014 ª2014 Elsevier Ltd All rights reserveda 9-cis retinoid (http://www.qltinc.com/
development/products/QLT091001.htm)
(Estrada-Cuzcano et al., 2011). The find-
ings by Srinivasan et al. (2014) suggest
9-cis retinoids may bind more freely with
the apoprotein of rhodopsin than the
native 11-cis retinoid. Further work is
needed to extrapolate these in vitro re-
sults to the in vivo settings. These results
also have implications for the broader
field of GPCRs as discussed by the
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